INTRODUCTION
A METHOD for detecting and estimating the contribution of non-allelic interactions between pairs of genes to generation means has been available for some time (Jinks and Jones, 1958; Hayman, 1958) using the parental, F1, F2 and first backcross (B1 and B2) generations of a cross between two inbred lines. Since this method leads to a perfect fit solution of the parameters in the model no test of its adequacy is available. In the few instances where the procedure has been extended to more generations than this minimal set, the model has not always proved to be adequate (Hill, 1966 ). There are only two possible causes of this inadequacy, namely, higher order interactions and linkage between the pairs of interacting genes.
A method of specifying the contributions of trigenic interactions and linkage between pairs of interacting genes to the generation means has been described by Van der Veen (1959) . In the present paper these specifications will be used to analyse their contributions to the means of 21 generations derived from a cross between inbred varieties 1 and 5 of .Jsficotiana rustica. The related problem of designing an experiment that will produce sufficient information to make such an analysis worth while will also be discussed.
MODELS AND EXPERIMENTAL DESIGN (i) Theory
To specify the contributions of trigenic interactions to the generation means four parameters are required in addition to the six parameters necessary to accommodate the contributions of additive, dominance and digenic interaction effects. To detect and estimate their effects and to test the adequacy of the model we require, therefore, a minimum of 11 generations each with a different expectation in terms of the parameters of the model. Hill (1966) used a model for analysing trigenic interactions in which the definitions of the four parameters for the trigenic interactions were based on an extension of those given for digenic interactions by Hayman and Mather (1955) . In the present paper we shall use the definitions of the more widely used Fcc notation described by Van der Veen (1959) in which for the three loci A-a, B-b and C-c: is the interaction among homozygous combinations at all three loci. lab/c, Ibcla and lee/b are the interactions between homozygous combinations at any two loci and a heterozygous combination at the third. For the summed contributions of many genes interacting in threes we shall use an extension of the notation of Jinks and Jones (1958) and [i/abc] denotes the sum of all trigenic interactions among the heterozygous combinations taking sign into account, the sum being independent of the distribution of the genes in the parental lines.
Because the number of parameters required to specify the contributions of linked interacting genes to the generation means varies with the number and kinds of generations it is not possible to specify the minimum number of generations required for estimating the paremeters without also specifying the kinds of generations. In fact in the form given by Van der Veen (1959) the number of new parameters required to specify the contributions of linked interacting genes to the generation means always exceeds the number of generation means available for their estimation. However, these expectations can be rewritten so that all the interaction parameters are ascending powers of p, the recombination frequency. For example, for many genes the sum of the contribution of the digenic interactions between homozygous combinations to the generation means can be expressed in terms of the para- is considerably reduced and they can be estimated from an appropriately designed experiment.
The minimum experiment for detecting linkage and estimating the parameters of the linkage model consists of the six basic generations P1, P2, F1, F2, B1 and B2 and the four double backcrosses B1xP1 (B11), B1xP2 (B12), B2 x P1 (B21) and B2 x P2 (B22). Their expected generation means require eight parameters for their specification leaving two degrees of freedom for testing the goodness of fit of the model.
To allow for the possibility of fitting a model which includes both linkage of genes which are interacting in pairs and trigenic interactions, at least 15 generations of an appropriate kind are required. Only two further genera-tions are available which require no new linkage parameters, namely, the backcross of the F2 to the two parental lines (F2 x P1 and F2 x P2). Unfortunately, two of the more readily obtainable generations, the F3 and the F2 bip (obtained by sib-mating the F2) require two and five new linkage parameters, respectively. It is, therefore, necessary to look for alternative generations which can be derived from the basic set. Having determined the minimum number and kinds of generations that are required we will now consider the design of an experiment that will provide the maximum amount of information about their means within the practical limitations of space and time. The most important practical limitations are the total number of generations of the appropriate kind that can be produced simultaneously by crosses made in the same season and the total number of plants that can be raised simultaneously under controlled conditions in the glasshouse, frame and experimental field.
By far the best starting point for producing the maximum number of generations in one season is the basic six generations, P1, P, F1, F2, B1 and B2.
By making all possible selfs, backcrosses and sib-matings, among these six generations, 21 generations are produced which include the original six. This not only produces generation means in sufficient numbers to fit and test the models described earlier, but included among these means are all those generations which we have previously noted constitute the most useful sets for detecting and estimating the effects of trigenic interactions and linked digenic interactions. The 21 generations and their expectations in terms of the models described earlier are given in tables 1, 2 and 3. 
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To ensure that the amount of information provided by each generation is the same, the variances of the observed generation means must be constant over all generations. This can be achieved by making the number of individuals in each generation proportional to its expected variance. The expected variances can themselves be obtained from the estimates of the additive, dominance and environmental contributions to the within generation variances averaged over all previous experiments involving the same pair of inbred lines. This merely requires that for each generation the estimated additive, dominance and environmental components are summed in the proportions in which they are expected to contribute to the within generation variances (Mather, 1949) . The relative number of individuals in each generation, arrived at in this way, can be converted into absolute numbers once the total number of plants which can be grown simultaneously is known.
Although the aim of this experimental design is to equalise the amount of information provided by each generation, this will be only approximately achieved in practice. It will, therefore, still be necessary to weight each generation mean by its observed amount of information to obtain maximum likelihood estimates of the parameters and a test of the goodness-of-fit of the models. Hence, it is essential that the estimates of the variances of the generation means, from which the amounts of information are obtained as the reciprocals, are based on as many degrees of freedom as possible. Since the number of plants in each generation is fixed by the space available, this can only be achieved by using single plant randomisation instead of the more usual randomisation of single plots containing a number of plants belonging to the same family.
(ii) Practice Seeds of the 21 generations were produced in 1964 by Dr L. Bucio-Alanis by selfing, backcrossing and sib-mating among the six basic generations, P1, P2, F1, F2, B1 and B2 of varieties I and 5 of J"uicotiana rustica (variety 5, having the higher scores for final height and flowering time, = P1, so that variety 1 = P2). For the majority of these generations the relative magnitudes of the within generation variances were known for two characters, final height and flowering time, from experiments with varieties 1 and 5 grown on a number of previous occasions. For the generations where this information was not available the expected relative variances were estimated from the values of the genetic and environmental components of variation obtained from the observed variances of the other generations. From the relative magnitudes of the observed and expected within generation variances the relative numbers of plants required to equalise the variances of their generation means was calculated. Since it is clearly impractical to grow different numbers of plants to investigate the two different characters, the relative numbers of plants estimated from the final height and flowering time data were averaged before proceeding further. At Birmingham 5500 plants, which must include about 300 guard plants, can be grown simultaneously as single randomised plants in individual pots in the same glasshouse and frame. The absolute numbers of plants in each generation can, therefore, be calculated from the relative numbers by multiplying the latter by any number that gives a total of approximately 2G2 5000 plants. These absolute numbers rounded-off to the nearest ten are given in table 1. For reasons unconnected with the present analysis the experiment was equally divided between two replicate blocks. With the experimental design adopted no generation mean is based on less than 100 plants and no variance is based on less than 98 degrees of freedom.
The experiment was grown in 1965 and flowering time and final height scored. The generation means summed over the two blocks and the amounts of information (the reciprocals of the variances of the means) are given in table 4. Examination of table 4 shows the extent to which the experimental design has eliminated differences among the generations for their amounts of information. With a few exceptions, the amounts of information are remarkably constant. Most exceptions are consistent over blocks and characters and are confined to the crosses where the F2 has provided one or both parents. For these generations we have overestimated the number of plants required by about a factor of two.
FITTING THE MODELS
The adequacy of the models will be tested by obtaining weighted least squares estimates of the parameters of each model and comparing the deviations of the observed and expected generation means as a x2with degrees of freedom equal to 21 minus the number of parameters in the model. Since the amounts of information per generation are never based on less than 98 degrees of freedom this procedure will lead to maximum likelihood estimates of the parameters.
To find the correct model for describing the generation means, models of increasing complexity will be fitted successively starting with the simplest which contains only additive and dominance effects. This simple model will be adequate in the absence of epistasis irrespective of the presence of genotype-environmental interactions or linkage. If this model is inadequate (the x2 for 18 degrees of freedom is significant) the next step is to fit a model which allows for digenic interactions. This will be adequate if there are no higher order interactions or linkage of the interacting genes irrespective of the presence of genotype-environmental interactions. If this model fails there are, therefore, two alternative models which must be tried. Namely one which allows for trigenic interactions and one which allows for linkage of the genes showing digenic interactions. One or the other of these models must account for a significant proportion of the variation among the generation means that remained unaccounted for by the digenic interaction model since there can be no other cause of its inadequacy. Nevertheless, should neither of these models account for all the variation among the generation means a model containing both linked digenic interactions and trigenic interactions may be fitted, followed by linked trigenic interactions should this prove to be necessary, and so on as long as the model is inadequate and the observed statistics exceed the number of parameters in the model.
By following this procedure we should arrive at the simplest model that adequately describes the generation means. The justification is that most of the differences among the generation means will generally though, not, of course, necessarily, be accounted for by the additive and dominance components, most of the rest by the parameters for digenic interactions and so on. There is, therefore, little justification for considering the more complex situations unless a simpler model has been fully explored and has failed to provide an adequate representation of the differences in the generation means under investigation.
RESULTS
The x2 tests of goodness of fit of the various models fitted to the generations means for the two characters final height and flowering time (table 4) The analysis of flowering time gives the same overall picture. Digenic interactions between unlinked genes are not a satisfactory model for flowering time but they account for a highly significant portion of the variation among the generation means. The addition of trigenic interactions leads to no improvement over the digenic interactions alone, but there is a further substantial improvement when linkage between the genes showing digenic interactions is allowed for in the model. While this is by far the best of the four models tested, it still does not account for all of the variation among the generation means.
Since the addition of trigenic interactions to the unlinked digenic interaction model brought about no significant improvement it is perhaps not surprising that a model combining linked digenic interactions and trigenic interactions also proved to be unsatisfactory (P = 00l -0.02). This result might be expected for another reason, namely, if the linked pairs of genes showing digenic interactions are involved in the trigenic interactions then we cannot expect a model which does not allow for linkage among the genes P<0001.
The maximum likelihood estimates and standard errors of the parameters in the linked digenic interaction model for the two characters are given in table 6. The significance of each estimate has been derived from a c test using standard errors derived from the appropriate variance terms of the variance-covariance matrix. In interpreting these estimates it must be remembered that the model is satisfactory for the height data but not for flowering time although for the latter it is the most satisfactory that we can fit to the present data and the nearest approximation to the correct model. showing trigenic interactions to be adequate. While, therefore, there can be little doubt that a model allowing for trigenic interactions among linked genes is required for flowering time, the present experiment provides insuffi-. dent statistics to fit and test the adequacy of such a model. For genes of equal effects, i.e. 4 4 = 4...
this value of r is equivalent to the larger parent containing approximately twice as many increasing as decreasing genes, and the smaller parent twice as many decreasing as increasing genes.
In the presence of dispersion of this magnitude the j type interactions between different pairs of loci cancel out when summed over all pairs of interacting genes and {i], the sum of the i type interactions, may have the opposite sign to that of the individual i's (Jinks and Jones, 1958 Since the genes are predominantly dispersed in the parental lines, it seems likely that the linkage between the pairs of interacting genes, detected by the model fitting procedure, is in the repulsion phase. Examination of the relative values of the linkage parameters, however, can add nothing to this interpretation, since the effect of linkage on the components of generation means is independent of the linkage phase.
COMPARISONS WITH THE RESULTS OF EARLIER INVESTIGATIONS
Biometrical genetical analyses of the generations that can be derived from a cross between varieties 1 and 5 were initiated by Mather and Vines in 1946 (Mather and Vines, 1952) . Since that time a number of alternative breeding programmes, experimental designs, and analytical procedures have been used to investigate the genetical and environmental determinants of final height and flowering time in these two varieties (Opsahl, 1956; Nelder, 1959; Hill, 1966; Bucio Alanis, 1966; Bucio Alanis and Hill, 1966; Bucio Alanis, Perkins and Jinks, 1969) . From the earliest analyses it was clear that a simple additive-dominance model which assumes no linkage was inadequate for either characters in most seasons. Attempts to trace the cause of this inadequacy to epistasis and linkage using second degree statistics were inconclusive in that linkage appeared to be responsible in some experiments in some seasons and epistasis in other experiments in other seasons.
Two possible causes of this inconsistency emerged from these analyses. Opsahl (1956) showed that the method of detecting linkage could be insensitive and unreliable in the presence of epistasis while Bucio Alanis (1966) and others showed that there was a substantial genotype-environmental interaction component of the differences between seasons. However, since 1958 more emphasis has been placed on the analysis of generation means for the detection, estimation and classification of epistatic gene interactions and such analyses led Hill (1966) to the conclusion that digenic, trigenic and even more complex interactions were present in some seasons, particularly for flowering time. The detection of linkage, however, has remained a problem that could only be tackled at the level of second degree statistics.
In the present paper the problem of the joint analysis of epistasis and linkage has been resolved, as far as first degree statistics are concerned, by a new analysis of generation means which has unambiguously demonstrated the presence of linked epistatic genes. Since the presence of linked epistatic genes would reduce the sensitivity and reliability of the standard test for linkage based on second degree statistics (Opsahl, 1956) this finding may well explain the difficulty encountered in previous analyses in demonstrating the presence of linkage.
A further outcome of the new analysis is that for both final height and flowering time the epistasis can be classified as duplicate but while it seems likely that the linkage is predominantly in the repulsion phase, the present analyses cannot discriminate between coupling and repulsion linkage.
6. SUMMARY 1. Models are presented in which the contributions of digenic interactions between linked genes and of trigenic interactions to the means of generations that can be derived from a cross between two inbred lines are in a form suitable for estimating the linkage and interaction parameters and for testing the goodness of fit of the models.
2. The composition of the minimum experiments required for estimating the parameters and testing the fit of the model are given.
3. The theoretical and practical considerations underlying the design of experiments in which each generation provides the same amount of information and each statistic is based on sufficient degrees of freedom to LINKED EPISTATIC GENES 475 lead to maximum likelihood estimates of the parameters and a x2test of the goodness of fit of the models are discussed.
4. The design and analysis of such an experiment are illustrated by an investigation of final height and flowering time in 21 generations derived by selfing, backcrossing and sib-mating following a cross between varieties 1 and 5 of J'Ticotiana rustica.
5. The conclusions from the new analyses are that a model containing digenic interactions between linked genes is adequate for final height but that a model which also includes trigenic interactions among linked genes is probably more satisfactory for flowering time.
6. The estimates of the parameters of the models are compatible with duplicate interactions.
7. These conclusions are contrasted with the inconclusive outcome of many previous attempts to demonstrate linkage for the genes controlling the same characters in the same cross using the standard analysis of second degree statistics.
